Induction of glutathione transferases (EC. 2.5.1.18), NAD(P)H: (quinone-acceptor) oxidoreductase (EC 1.6.99.2; quinone reductase) and other detoxification enzymes is a major mechanism for protecting cells against the toxicities of electrophiles, including many carcinogens. Although inducers of these two enzymes belong to many different chemical classes, they nevertheless contain (or acquire by metabolism) electrophilic centres that appear to be essential for inductive activity, and many inducers are Michael reaction acceptors [Talalay, De Long & Prochaska (1988) Proc. Natl. Acad. Sci. U.S. A., 85, 8261-8265]. The inducers therefore share structural and electronic features with glutathione transferase substrates. To define these features more precisely, we examined the inductive potencies (by measuring quinone reductase in murine hepatoma cells) of two types of glutathione transferase substrates: a series of 1-chloro-2-nitrobenzenes bearing para-oriented electron-donating or -withdrawing substituents and a wide variety of other commonly used and structurally unrelated glutathione transferase substrates. We conclude that virtually all glutathione transferase substrates are inducers, and their potencies in the nitrobenzene series correlate linearly with the Hammett o-or o-values of the aromatic substituents, precisely as previously reported for their efficiencies as glutathione transferase substrates. More detailed information on the electronic requirements for inductive activity was obtained with a series of methyl trans-cinnamates bearing electron-withdrawing or -donating substituents on the aromatic ring, and in which the electronic densities at the olefinic and adjacent carbon atoms were measured by 13C n.m.r. Electron-withdrawing meta-substituents markedly enhance inductive potency in parallel with their increased non-enzymic reactivity with GSH. Thus, methyl 3-bromo-, 3-nitro-and 3-chloro-cinnamates are 21, 14 and 8 times more potent inducers than the parent methyl cinnamate. This finding permits the design of more potent inducers, which are-important for-elucidation of the molecular mechanisms of induction.
INTRODUCTION
Induction of glutathione transferases, glucuronosyltransferases and NAD(P)H:(quinone-acceptor) oxidoreductase (quinone reductase) is a major and critical mechanism whereby animals and their cells can be protected against the toxicity and carcinogenicity of many potentially harmful xenobiotics (Talalay etval., 1987) . Understanding of the mechanisms of these inductions is therefore of both theoretical interest and practical importance in devising chemoprotective strategies. The structural diversity of these inducers of chemoprotective enzymes is quite remarkable. They belong to many-chemical classes, including diphenols (e.g. phenolic antioxidants), azo dyes, coumarins, cinnamates, 1,2-dithiol-3-thiones, aromatic isothiocyanates, thiocarbamates and many others (Wattenberg, 1985; Talalay et al., 1987) . Protective enzymes are often increased co-ordinately in cells and tissues, and such elevations are associated with markedly raised levels of cognate mRNAs and enhanced rates of synthesis of these enzymes (Pearson et al., 1983; Benson et al., 1984) .
Recent evidence suggests that most of the inducers contain, or acquire by cellular metabolism, distinctive and previously unrecognized electrophilic centres, and many are classical Michael reaction acceptors (Prochaska et al., 1985; Talalay et al., 1988) .
[In 1887 A. Michael reported that olefins conjugated with electron-withdrawing groups (Z) are susceptible to attack by nucleophiles. The 'Michael reaction acceptors' may have the following structures: CH2=CH-Z, Z'-CH=CH-Z (including quinones) or R-C_C-Z (acetylenes), in which Z is an electron-withdrawing group. The usual order of decreasing reactivity with standard nucleophiles such as morpholine or pyrrolidine is: Z = NO2 > COAr > CO > COR > CN > CO2R > CONH2 >CONR2 (Shenhav et al., 1970; March, 1985) .] Furthermore, the potencies of inducers (of the Michael acceptor type) in elevating quinone reductase levels in the Hepa lclc7 mouse hepatoma cell line correlated closely with their predicted efficiencies of reaction with standard nucleophiles (Shenhav et al., 1970 )-. A detailed structure-activity survey led to the prediction of inductive activity among many new types of compounds. Inductions were observed when cells were exposed to several classes of cyclic and acyclic olefins, including vinyl ketones, vinyl sulphone, acrylates, crotonates, fumarates, maleates, coumarins and cinnamates (Talalay et al., 1988) . The inductive activity of 1,2-and 1,4-, but not of 1,3-diphenols, and of the corresponding phenylenediamines, could then be explained by their intracellular oxidation to quinones or quinoneimines, which cannot be formed from the meta-substituted compounds (Prochaska et al., 1985) .
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Abbreviations used: quinone reductase, NAD(P)H: (quinone-acceptor) oxidoreductase (EC 1.6.99.2), also known as menadione reductase and DT-diaphorase; CD, concentration of an inducer that doubles the specific activity of quinone reductase.
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Another striking correlation suggested by these structureactivity investigations was that the inducers of quinone reductase and other protective enzymes might also be substrates for glutathione transferases (Talalay et al., 1988) . Boyland and Chasseaud (Boyland & Chasseaud, 1967; Chasseaud, 1979) pointed out that a characteristic property of glutathione transferases was their ability to catalyse the addition of GSH to electrophilic olefins by enhancing the nucleophilicity of GSH under physiological conditions. These observations raised the question whether the capacity of compounds to act as protective enzyme inducers and to serve as glutathione transferase substrates merely reflected a common requirement for electrophilicity, or whether interactions of the inducers with glutathione transferases (and/or glutathione) were part of the mechanism for the signalling of enhanced enzyme transcription.
The present study was designed to provide detailed information on the relationship between proficiency of compounds to induce quinone reductase (a prototype for protective enzymes) and their ability to serve as glutathione transferase Prochaska & Santamaria (1988) with the following modification. The foetal calf serum was mixed with 1 % (w/v) of HCl-washed activated charcoal (Sigma Chemical Co., St. Louis, MO, U.S.A.) and heated for 90 min at 55 'C. The serum was then filtered twice through a 0.22 ,um-poresize filter before addition to the alpha minimal essential medium at a final concentration of 10 % (v/v). The specific activities were obtained from the ratio of the quinone reductase activity to the absorbance of a parallel plate treated with the same inducers but stained with Crystal Violet. (Table 1) . In contrast, /1-nitrostyrene (C H5CH= CH-NO2, CD = 15.5 FM) and trans-4-phenylbutiW3-en-2-one (Shenhav et al., 1970; March, 1985) . Determination of the potency of ring-substituted methyl cinnamates to induce quinone reductase showed that metasubstitution with electron-withdrawing groups strikingly increased the inductive potency (CD = 4-10 /SM) in comparison with the parent methyl cinnamate (CD = 82 /SM) ( Table 2) . Although ortho-substitution with electron-withdrawing groups also increased the potency of induction (CD = 25-31 ,lM), the electronic properties of these groups did not appear to be important. In contrast, para-substitution invariably decreased In interpreting the effects of aromatic substitution of the reactivity of the side chain, and particularly the reactivity of the fl-carbon of the olefin as a Michael acceptor, both resonance and inductive effects require consideration (Bromilow et al., 1981) . In this respect, meta-substituents are instructive since they do not produce resonance effects, and are therefore probes for purely inductive influences. 13C-n.m.r. spectra ( Since the attack by the unidentified intracellular nucleophile occurs on the fl-carbon, the efficiency of this reaction must be controlled by the total charge distribution and electron density of the side chain, rather than that of the fl-carbon atom alone.
Common substrates for glutathione S-transferases as inducers of quinone reductase The glutathione transferases are isofunctional enzymes that belong to several gene families, and promote the conjugation of mostly hydrophobic substrates with glutathione. Individual glutathione transferases show distinctive but overlapping substrate specificities, and efforts to identify the multiplicity of isoenzymes in different tissues have depended in part on surveys of substrate specificities (Mannervik, 1988) . In preliminary studies (Talalay et al., 1988) we reported that several common substrates used for the assay of glutathione transferases were also inducers of quinone reductase. We have now carried out a systematic survey of a broader range of glutathione transferase substrates (Table 4) . I-Chloro-2,4-dinitrobenzene, which is usually a very efficient substrate for glutathione transferases, is also the most potent inducer of quinone reductase, with a CD value of 6.4 /M, extrapolated from the value of 2.4 sM in Table 4 inducers of quinone reductase. The only substrate tested that was inactive was 4-nitrophenyl acetate (CD > 250 pM). It is difficult to make quantitative comparisons among compounds of such structural diversity with respect to their efficiencies as substrates and inducers since kcat and Km values are determined on isolated enzymes, whereas induction potencies also reflect rates of inactivation, entry into cells and competing reactions. The extent of competing reactions is especially important since many of the electrophilic inducers listed in Table 4 are highly reactive with both small and macromolecular nucleophiles. (10000) were grown in micro-titre plate wells for 24 h and then exposed for 24 h to a series of concentrations of ten parasubstituted 1-chloro-2-nitrobenzenes. The Effects of para-substituents on the potency of induction of 1-chloro-2-nitrobenzenes Substitution of l-chloro-2-nitrobenzene with electron-donating or electron-withdrawing groups at the para-position caused changes in the inductive potency. A linear correlation (r = 0.83) was found between rank order of inductive potency and Hammett a. values. A similar correlation (r = 0.85) was observed when Hammett resonance a-values were used (Fig. 1) . Consequently, the presence of electron-withdrawing groups at a position para to that undergoing conjugation with GSH increased the potency of induction.
The correlation of inductive potency with Hammett C. values closely resembles the findings that substitution of l-chloro-2-nitrobenzene with electron-withdrawing groups also increased the catalytic constants of both rat liver cytosolic glutathione transferases B and C (Keen et al., 1976) and rat liver microsomal glutathione transferases (Morgenstern et al., 1988) toward these substrates, thus providing evidence for the importance of the degree of electrophilicity at the reaction centre for both substrate and inducer activities. Furthermore these authors (Morgenstern et al., 1988; Keen et al., 1976) have determined the second-order rate constants for the non-enzymic reactions of these substituted 1 -chloro-2-nitrobenzenes and obtained good correlations with the abilities of these compounds to serve as substrates for various glutathione transferases.
Conclusions
Gluthathione transferases catalyse the addition of GSH to compounds of the type RaRbC=CRCZ, wherein Z is an electronwithdrawing group that renders the olefin electrophilic. The reactivity of such substrates depends on the electron-withdrawing capacity of the Z group, and on the electronic and steric effects of Ra, Rb and R, (Boyland & Chasseaud, 1967; Chasseaud, 1979) . Glutathione transferases also promote nucleophilic attack by GSH on many other types of electrophilic centres. The function of these enzymes is to bind GSH and the second substrate, and to increase the nucleophilicity of GSH (Chasseaud, 1979; Jakoby & Habig, 1980; Mannervik, 1988 ).
An obvious and close correlation therefore exists between the structural features required for induction of quinone reductase and glutathione transferases, and those required for compounds to serve as substrates for glutathione transferases. This correlation is further strengthened by the finding that nearly all of the commonly used substrates for glutathione transferases (e.g. electrophilic olefins, halogenated aromatic rings substituted with electron-withdrawing groups, epoxides, quinones and hydroperoxides) are inducers ofquinone reductase. Even more remotely related chemoprotective enzyme inducers such as organic isothiocyanates and thiocarbamates are also conjugated biologically with GSH (reviewed in Sies & Ketterer, 1988) .
The detailed molecular mechanisms involved in the induction of enzymes by monofunctional inducers probably do not involve participation ofa classical receptor protein (Prochaska & Talalay, 1988 Table 3 . Second-order rate constants (k2) for the non-enzymic reaction of ring-substituted methyl trans-cinnamates with glutathione Rate constants were determined by incubation of a 0.1 mm concentration of each methyl trans-cinnamate with 10 mM-GSH, 0.2 mM-EDTA, 1 % (v/v) acetonitrile and 0.1 M-sodium carbonate buffer, pH 9.0, at 50 'C. The rates were determined spectrophotometrically at the wavelengths indicated with use of the molar difference absorbance coefficients (Aam) determined as described by Keen et al. (1976 
